n tropospheric chemistry, OH plays a key role. For instance it is essential in converting many trace species from water-insoluble to water-soluble forms, thus assisting in their deposition rate. Due to OH high reactivity, its concentration in the planetary boundary layer (PBL) is very low, at most of the order of 10 6 radicals cm -3
. Thus routine measurement of its steady state concentration for comparison with model calculations is non trivial [1, 2] . Furthermore, even in the more complete models there still remains some uncertainty as to some of the sources and sinks of OH. Among others it is still somewhat unclear where all the HONO comes from that acts as an early daytime source of OH. Furthermore it is not likely that as yet all the multitude of hydrocarbons that act as non-negligible sinks have been identified.
In the present paper we propose a method for investigating the fast kinetics of OH in situ in the atmosphere using a perturbation technique in which high concentration of OH are created by the laser flash photolysis of atmospheric O 3 followed by the reaction of O( 1 D) with H 2 O. Typically we have locally enhanced the hydroxyl radical concentration by 5 orders of magnitude. Thus the OH is easier to detect and its fast disappearance can be followed over a sufficient time period to try to quantify the reaction kinetics. As we shall discuss below, this fast OH kinetics can be reduced to contributions from a small number of reactions, essentially with CO, O 3 , various volatile organic compounds (VOC), NO x and the reaction with OH itself. Consequently if we simultaneously measure the concentrations of CO, O 3 and NO x with the overall OH kinetics, we shall be able to deduce a total hydrocarbon reactivity Σk i [OH] [VOC i ] from the difference between the measured overall OH decay rate and the sum of the reaction rates with CO, O 3 , NO x and OH itself. In a controlled atmosphere with known Σk i [OH] [VOC i ], one can check for possible unknown fast OH reactions. Hence we shall be able to deduce if the fast kinetics of OH in the atmosphere is complete and well understood under condition that the measurements are sufficiently accurate. A final reason for undertaking these measurements of the fast kinetics of OH was that it seemed like a reasonable first choice to test the pump and probe technique for obtaining new information on atmospheric chemistry. Below we describe the experimental method in some detail, and we compare the measured kinetics with those obtained in a model calculation. Experimental data are presented both from controlled atmospheres with known concentrations of chemical constituents, and from the natural PBL. We also mention the possibility of extending these perturbation kinetics measurements from the in situ case to the range resolved remote sensing case, using a DIfferential Absorption Lidar (DIAL) technique. Finally it will be briefly discussed that measurement of Σk i [OH] [VOC i ] could possibly lead to information on local NO x versus VOC limiting of the production of tropospheric ozone.
Experimental setup
A diagram of the instrument is shown in figure 1. The major parts are: a) the pump laser for the flash photolysis beam used to create the high concentration of OH, b) the probe beam for detecting the OH by laser induced fluorescence (LIF), c) the OH fluorescence cell, d) the timing unit and e) the detector and data acquisition system.
(a) Pump laser:
The pump laser is a 10 Hz frequency quadrupled Nd:YAG laser (Continuum SureLight-III-10). Its energy is 55 mJ/pulse with a pulse duration of 4 ns FWHM. The beam is directed into the gas flow in the reaction cell via three dichroic mirrors, a Pellin-Broca prism, and a right angle prism. The pump beam energy remaining at the reaction site is 18 mJ, and the beam has a circular shape with 
In equation (2) [7] [8] [9] [10] [11] [12] 2] . It should be noted that part of the pump beam laser energy at 266 nm can in principle be directly absorbed by atmospheric compounds other than ozone, and in particular by some of the important aromatic volatile organic compounds. In order to address this problem in more detail, the pump laser source at fixed wavelength will in the future be soon replaced by a tuning excimer dye laser source, in order to try to find pump beam wavelengths at which this unwanted photochemistry can be minimized. This will be done in controlled atmosphere experiments with known concentrations of various absorbing hydrocarbon additives. Under these experimental conditions, the possibility of saturation of the OH signal was checked by using a set of different neutral density filters. Thus we showed experimentally that no saturation occurred. Furthermore calculation of the probe beam efficiency gives an estimate of 86% thus indicating that the saturation is avoided.
The pump and the probe beams are both horizontally polarized and combined by feeding them at the appropriate angles into the Pellin-Broca prism. Careful alignment superposes the two beams both in the near and far field at the exit of the prism. This arrangement is preferred to the classic crossed beam experiment, as the same optical layout has been used in the coaxial range resolved DIAL scheme.
(c) Fluorescence cell: A black anodized aluminum cell with a square cross section (dimensions: 300 × 100 × 100 mm 3 ) is fitted with different plug-in gas inlets for dry air, O 3 , N 2 , O 2 , H 2 O, CH 4 , NO x , and other gases on its entrance side. This cell is evacuated from the opposite side. At the center of the cell, two flanges perpendicular to the vertical axis support UV anti-reflection coated quartz windows which transmit both the pump and probe laser beams. The OH fluorescence passes through a 3rd quartz window in the vertical plane. A 4th flange holds the temperature probe together with other gas feedthroughs, one of which is used to pump a small fraction of the air stream from the reaction site to an ozone UV absorption monitor (HORIBA APOA-350E). Ozone is produced by an ozone generator at a flow rate of 2.5 L/min of air and its concentrations range from 100 to 700 ppb at the generator exit, gives 70 to 400 ppb at the reaction site as measured by the ozone detector. Dry N 2 is added to the gas flow as a buffer gas, and the synthetic air contains a mixture N 2 :O 2 :H 2 O = 90:8:2. The total gas pressure is one atmosphere. In the cell, a temperature controlled water container keeps the water vapor to 2%. At this point of the study, no detailed analysis of trace gas contaminations is performed on this synthetic air mixture. It should be noted that any residue of for instance reactive hydrocarbons in the cell can strongly decrease the OH life time and hence increase the apparent rate coefficient for a given constituent. Such effect is shown to remain negligible when the experiment is performed with a specific pollutant at high concentration in the stream.
(d) Timing unit:
The Nd:YAG laser is run in its internal trigger mode at 10 Hz, and a photodiode collecting a reflection of this light triggers a pulse generator (Stanford Research DG535). The latter triggers the excimer laser with a time delay between the pump and the probe laser pulses selected between 1 and 100 ms, at a delay resolution of 1 ns.
(e) Detector and data acquisition system: The laser induced fluorescence signal is detected at 309 nm. Two lenses are used to collect and transport the light from the fluorescence cell to the entrance slit of a double grating monochromator (Jobin Yvon DH 10, with the two gratings blazed at 250 nm and with 2 × 10 -9 stray light rejection). The lenses also match the F 3.5 numerical aperture. With the entrance, the middle and the exit slit width of 1, 2 and 1 mm respectively, a resolution of 4 nm is obtained. The LIF signal at 309 ± 2 nm is detected by a side-on photo-multiplier tube (1P28 Hamamatsu). The electronic output signal is preamplified by a fast/low-noise 25 X amplifier (Stanford Res. SR 445) before it is stored in an 8 bit/125 MHz oscilloscope (LeCroy 9400). The latter is triggered by a PIN photodiode which takes its signal from the probe laser.
Sensitivity
Laser induced fluorescence spectroscopy (LIF) is a direct detection method. Hence the relationship between the analog signal on the oscilloscope and the OH concentration in molecules cm -3 depends on the sensitivity of the experimental setup and on the spectroscopic properties of the OH radical. The energy level diagram of the OH LIF measurement is presented in figure 2 . The analog signal S OH is measured as Volts on the AD oscilloscope and can be expressed in the following way: lasers and the optical alignment stability, and are difficult to estimate directly. By repeating different set of experimental conditions we found this systematic error on [OH] to be less than 5%. Finally the effective OH cross section used must be evaluated in detail. This cross section is calculated from the convolution of two distributions: a Gaussian distribution which contains the Doppler broadening and the probe laser bandwidth which has a FWHM of 1.6 pm, and a Lorentzian distribution containing the gas effective pressure broadening with a FWHM of 2.2 pm [13] . The convolution gives a Voigt profile with 3.07 pm FWHM from which a value of σ eff = 2.8 × 10 -16 cm 2 is derived for the effective OH cross section [14, 15] . This value will be compared with the experimental value directly measured from the Q 1 (1) transition. All these sources of error result in an overall uncertainty for [OH] of 30%. Hence we compare our experimental [OH] with the theoretical value obtained from equations (1) and (2) Another fact must be considered: the OH formation due to the probe beam. At the probe wavelength (281.914 nm), O 3 absorbs with a cross section σ O3 (282 nm) = 325 ×
10
−20 cm 2 [4] or about one third of its value at 266 nm. The probe beam energy is 580 µJ and with a quantum yield of 0.95 [16] , the concentration of OH formed by the probe beam amounts to 4.4% of the total [OH] . This may be compared with the experimental concentration obtained by measuring OH fluorescence without the pump beam. In this case the measured value is OH exp = 0.084 V or 4.8% of the total OH signal obtained using both pump and probe laser beams. This secondary production of OH by the probe beam does not change with the varying delay time. Thus it is shown below that it does not influence the OH relaxation times significantly at the applied conditions, i.e. at times shorter than about 20 ms.
First experiments
In the present configuration of the experiment, the LIF detection system is designed to detect OH concentrations above 10 8 molecules cm −3 , which is about one and a half orders of magnitude higher than its maximum ambient concentration. Thus to optimize the apparatus, it was necessary to align the two beams and the LIF detection system by using an intense source of OH from a methane/oxygen gas burner. With the OH fluorescence signal from this flame, the different optical elements of the dye laser and the fluorescence detection optics were aligned. In a second step, the Nd:YAG laser beam exiting the Pellin-Broca prism is rendered coaxial with the dye laser beam.
The spectra obtained both from the flame experiment with only the LIF probe beam as excitation source (inset) as well as from the full pump and probe experiment using the reaction cell rather than the flame are shown in figure 3 . The OH radicals are excited in Q-and R-branch lines of the (1,0) band. The fluorescence analyzing monochromator is positioned at 309 nm ± 2 nm. The fluorescence excitation beam is tuned from 281.8 to 283 nm with a resolution of 5 pm, and each data point represents the average over 200 laser shots. The inset shows results obtained in the flame experiment used to align the LIF beam. OH is measured in the blue part of the flame at temperatures above 1' 500 K. At this temperature, the higher rotational states of OH are populated significantly up to N'' = 10, 11 and 12, and transitions R 2 (10), R 1 (12) and R 2 (11) appear from the flame. They are absent in the lower curve which was obtained from a pump and probe measurement of OH at room temperature in a controlled atmosphere in the reaction cell with a delay of 1 ms between the 2 laser pulses, and [O 3 ] = 70 ppb. The fluorescence excitation spectrum of OH is necessary to check the optical resolution of the system, and to calibrate the wavelength scale of the dye laser controller. Figure 4 presents a high resolution spectrum near the Q 1 (1) transition which is used in this study for the OH relaxation measurements. This envelope includes the Q 21 (1), and even the R 2 (3) band. The latter is not very significant, whereas the former generates a "shoulder" on the Q 1 (1) 10 molecules cm −3 , which is in good agreement with the theoretical value [OH] theoretical = (7.2 ± 1.5) × 10 10 molecules cm −3 . Because of the very narrow transition bands for OH, its measurement after the O 3 flash photolysis can be envisaged using a DIfferential Absorption LIDAR (DIAL) technique for which the [OH] will be probed with 2 laser pulses, one tuned on the maximum of the Q 1 (1) absorption band or the so called on resonance wavelength and the second tuned on the off resonance wavelength, but only shifted by less than 10 pm from the on wavelength. In a DIAL analysis, the on and off Lidar signals are used to obtain the range resolved [OH] profile [17] . Due to the very small difference between the on and off wavelengths, the OH concentration can be obtained without taking into account the wavelength dependence of the backscatter. Furthermore essentially no interference from other trace gases such as SO 2 or residual O 3 is expected. As the effective OH absorption cross section for the Q 1 (1) transition reaches a value of more than two orders of magnitude higher than the ozone cross section at the same wavelength, and the [OH] just after the laser flash photolysis is 6% of the initial O 3 concentration, this OH absorption in the DIAL experiment will be feasible.
So far we have shown that the pump and probe experiment appears to give a reasonable answer in the determination of the absolute [OH], as similar values are obtained in both the experimental and the simulated determinations. In figure 6 , the inverses of the measured life times τ −1 (OH) exp are plotted versus [CH 4 ]. For a first order reaction at T reactor = 296 K, the slope of the linear fit through these four points gives an upper limit to the rate constant k (CH4+OH)exp = (9. [18] . One possible source of error is the relatively small dynamic range of our actual experimental set-up. Future developments to increase the sensitivity of this experiment will be twofold. First, the 8 bit AD oscilloscope acquisition unit will be replaced by a 12 bit 20 MHz AD converter, with both analog and photon counting in order to improve the signal dynamics. Second, the time scale is limited in this study to delays below 20 ms, mainly because of the secondary OH formation due to the probe beam at 282 nm. Using a new laser source probing at 308 nm for which the OH cross section is significantly higher, and the secondary formation of OH is significantly lower, this problem can be decreased. Even though our present experimental value of k(OH+CH 4 ) is nearly 50% higher than the latest literature value, this discrepancy is nevertheless thought to be acceptable when one considers the much bigger variations in OH life time due to different types of (natural) air conditions in the PBL, as will be demonstrated below.
As the present paper only presents preliminary data and should be regarded as a proof of principle that pump and probe data can be extracted from the atmosphere, we conclude that the calibrations of the OH concentrations and the OH life times yield reasonable numbers for both the absolute OH concentrations and the reaction rate constant for a known reaction. These two procedures were carried out in a closed reaction vessel at atmospheric pressure, at room temperature, and with a flow of synthetic air containing ozone and water vapor at concentrations similar to those often encountered in the PBL. To demonstrate that such measurements can also be performed in the real PBL, we repeated the measurement of the [OH] decay, this time without the reactor vessel and directly in the air of the laboratory next to an open window. The results are presented in figure 7 . These data represent our first measurement of the OH lifetime in the PBL. The ozone concentration was 66 ppb. These data show that the pump and probe OH experiment is not just another laboratory technique, but a real in situ method that can in principle be used in the real atmosphere. The OH life time obtained in this experiment is not interpreted here because at this point of the study, no control on the OH reactants such as NO x or VOCs was performed. Nevertheless the OH life time obtained is of a reasonable order of magnitude.
In the following section, using a model simulation we will show what type of information might be extracted from the pump and probe technique. 
Modeling the pump and probe experiment
The [OH] time dependence, from its formation by the photolysis of an ozone-water mixture to its disappearance due to atmospheric chemical reactions, is simulated with a model including the chemical and the physical properties of the atmosphere [19] . It is based on the mass conservation equation:
where C k is the concentration of the k th species, is the wind speed, κ is the molecular diffusion, κ t is the turbulent diffusion, is the net chemical reaction rate for the k th species.
Chemistry: For the chemical part of equation (6) (terms A and D), a chemical model of the troposphere including 53 chemical species and 73 reactions is applied using the CHEMKIN II package [20] . This program incorporates the temperature and pressure dependence of all important uni-, bi-, and termolecular reactions, and also explicitly takes into account the reverse of every elementary reaction. The kinetic parameters are taken from kinetic data evaluations for atmospheric chemistry or are estimated. This is a simulation of the pump and probe experiment for the OH decay curves in different air mixtures. It must be underlined that this simple model is only applied to the present experimental conditions and it is not pretended to be a complete box model for optimally simulate the real PBL. In figure 8 , [OH] is given as a function of time, with a time resolution of 1 ms, the first time step treating the OH formation, i.e. the reaction of O 1 D with water. The [OH] decay is treated for two types of air conditions, a "remote continental" and "moderately polluted" case. These two cases simulate air parcels that have been measured in field campaigns, for fairly clean case in Brazil and for moderately polluted case near the city of Atlanta [16, [21] [22] [23] [24] [25] . A large difference in the observed life-time is obtained depending on both the amount of nitrogen oxides (NO x ) and volatile organic compounds (VOC) in the air: for the fairly clean case, the simulation gives an OH life time of 85.5 ms, while this value drops to 11.7 ms in the moderately polluted case where there is both high [NO x ] and high [VOC] . This result shows a rather large range for the OH time dependence for two different air pollution conditions. The results of this simulation underline the interest of the pump and probe method, and the sensitivity of the fast kinetics to the atmospheric conditions. It should be noted that this range is much larger than the uncertainty affecting our calibration test on the experimental value of the rate constant obtained for OH with methane.
Due to the very short time scale this study is addressing, a large fraction of the reactions in the model are shown to play a negligible role, in particular all the photochemical reactions. In table II are listed only the species which play a significant role in this fast OH kinetics experiment, together with their initial concentrations for the "moderately polluted" and the "fairly clean remote" cases. The initial OH concentration for the polluted case is much larger than for the clean, which is related to the initial ozone concentrations in table II, respectively 80 and 35 ppb.
For the clean case one should note that a significant residue of OH is present after 100 ms. This corresponds to the time of the next pump laser pulse under our experimental conditions, and this would result in a build up of a new steady state OH concentration. Thus experimentally in such a clean atmosphere, one must reduce the repetition rate of the two lasers down to the experimental conditions at which no memory effect remains. Furthermore, these very long life times would be difficult to analyze because, as will be shown later, this chemistry could be strongly biased by the wind diffusion and turbulence effects. The relative geometry of the two beams will also be modified in order to diminish these transport effects.
A sensitivity analysis of the model calculations confirmed that a large fraction of the reactions play a negligible role in these fast kinetics. Therefore we can simplify the model resulting in a code with only those species listed in tab. II. When we compare the OH life times obtained with the "complete" set of reactions to the results with the strongly simplified model, the OH life time is equivalent within ± 5%. This holds for time scales shorter than 20 ms and for initial OH concentration lower than 10 11 mol/cc.
Note that in the "complete" model, HO 2 formation is also included. This species could in principle interfere with the OH kinetics even on quite short time scale. This effect of HO 2 is shown to be negligible. The simpler code which does not contain HO 2 reproduces the results obtained with the more complex model quite well. For initial OH concentrations much higher than our actual values, this effect does become significant. Using the simplified chemical approach, the inverse of the predicted OH life time for a time delay shorter than 20 ms can be described as: [VOC] 0 is defined as the reactivity-weighted sum of all the different volatile organic compounds, a value that is otherwise not easy to obtain. We are currently investigating the possibility of using this quantity to determine if ozone production at the reaction site is NO x limited or VOC limited.
Transport effect: To this "chemistry only" simulation, the influence of transport processes on the pump and probe experiment should be added (terms B and C in Eq. (6)). This is important in defining the conditions under which the pump and probe is feasible in real PBL conditions. Wind diffusion and turbulences influence the measured OH life time in the investigated volume and following this argument it is also important to optimize the relative geometry of the two laser beams in order to decrease the influence of the transport. The mean transport velocity moves OH out of the probed zone, and to reduce this effect, the diameter for the pump and the probe beams must be adapted depending on the scale of the transport phenomenon and the time of the measurement. In the case of the turbulent diffusion, including both the dynamic turbulence caused by the wind and the thermal turbulence caused by the differential heating of the earth's surface, the τ OH measured tends to be reduced faster than with the chemical reactions alone. Under moderate atmospheric conditions, our calculation shows that OH measurements over tens of ms are possible with no influence from the wind. Indeed the influence of the wind on the measurement of residual OH mainly depends on the configuration of the laser beams. For example, in the result presented in figure 7 for the open air conditions with pump and probe beam diameter of respectively 10 and 4 mm, it is sufficient to have an averaged wind speed of 0.1 m/s to somewhat perturb the OH decay curve at delays longer than 20 ms.
Finally it should be mentioned that we are in the process of publishing the first atmospheric DIAL measurements which demonstrate the feasibility of range resolved pump and probe OH observations in the PBL [26] .
Conclusions
Preliminary measurements of the reaction rate of OH radicals are presented in both a flow reactor and the real atmosphere, after the OH concentration has been raised by background ozone flash photolysis at 266 nm and reaction of the O( 1 D) atoms with water vapor. Detection of OH was performed by laser induced (282 nm) fluorescence (309 nm) at various time delays after the photolysis pulse. These experiments were designed to demonstrate in part the feasibility of extending such a pump and probe experiment to a range resolved atmospheric differential absorption measurement.
Kinetics measurements in the flow reactor in the presence of large amounts of methane, and a mathematical simulation of the experiment, gave values for the absolute OH concentration measured and its decay rate reasonably close to the expected values.
Experimental simulation of the fast OH decay measured in the flow system with more or less polluted artificial air mixtures, showed the sensitivity of the pump and probe measurement to air pollution changes. It is also shown that under the experimental conditions used we can measure 3 and NO x . The measurements reported in this paper indicate that the range resolved pump and probe measurement is feasible. Further investigation will show if this quantity will be of interest in optimizing ozone reduction strategies [27, 28] .
